Human cytomegalovirus (CMV) is a ubiquitous pathogen that can cause severe disease in immunocompromised patients (particularly those with AIDS), transplant recipients, and congenitally infected infants (7, 15, 24) . Following primary infection, CMV persists in a latent state in the monocyte/macrophage lineage (35, 51) and can be reactivated by allogeneic stimulation from macrophages (48) . CMV has been detected in secretions (saliva, urine, semen, and breast milk) from organs composed of epithelial cells (reviewed in reference 7). CMV retinitis is a potentially vision-threatening complication of the posterior segment of the eye in patients undergoing bone marrow transplantation (11) . In AIDS patients, CMV retinopathy is the major cause of vision loss late in the course of disease (24, 26) . In some cases, endothelial cells of the retinal vasculature are infected, supporting the idea that retinal infection may result from CMV reactivation in macrophages. Although most patients with AIDS are CMV seropositive, not all develop clinical complications, which suggests that the CMV strain, virus load, and immune status may modulate disease progression (58) . Despite lifelong maintenance therapy, CMV retinitis frequently progresses in patients with AIDS (6), a phenomenon which is attributed to the development of resistance to the nucleoside analogs ganciclovir and foscarnet (27) .
CMV is the largest human herpesvirus, having a DNA genome of 230 to 235 kbp that consists of two components, a unique short (US) and a unique long sequence, flanked by inverted repeats. The CMV genome has the capacity to encode more than 220 proteins, of which 70 have the sequence characteristics of glycoproteins (9, 36) . As in other herpesviruses, CMV genes encoding glycoproteins are divided into two groups: genes that are essential and genes that are dispensable for infection of human fibroblasts (HF) in culture (reviewed in reference 41). Using deletion mutagenesis, it was demonstrated that the US component of the CMV genome contains genes encoding proteins that play an accessory role in infection by increasing pathogenesis in vivo (30) (31) (32) . At least four glycoproteins encoded by the US sequence allow CMV-infected cells to evade T-cell immunity by downregulating the major histocompatibility complex class I molecules from the cell surface (1, 29, 33, 34, 38, 59, 60) . Cell-to-cell dissemination of virus in polarized cells of epithelial or neuronal tissues may also require specialized functions that are adapted to a particular niche. We reported that CMV strain AD169 enters polarized human retinal pigment epithelial (ARPE-19) cells by fusion of the virion envelope with apical membranes, which is facilitated by glycoprotein B (gB), but that gB does not play a role in virus spread from cell to cell (55) . In contrast, we found that CMV mutants with deletions of US9, a gene in the US component, form small plaques in cultures of polarized ARPE-19 cells, suggesting that the mutants are impaired in their capacity for cell-to-cell spread (39, 45) . Mutants of herpes simplex virus type 1 (HSV-1) with deletions of gE are also impaired in cell-to-cell spread in epithelial cells (3, 14) . These results indicate that dissemination of infection across lateral membranes of polarized epithelial cells differs from penetration of apical membranes and requires specialized gene products.
To perform their vectorial function, polarized epithelial cells have evolved a plasma membrane divided by tight junctions into apical and basolateral domains that differ in protein and lipid composition (20, 42, 46) . Cell-cell junctions, complex structures that establish and maintain the polarized morphology of epithelial cells, are classified into three groups: tight, adherens, and gap junctions. Tight junctions, the most apical component, regulate the flux of ions and hydrophilic molecules through the paracellular pathway and are mediated by the transmembrane protein occludin and membrane-associated proteins ZO-1 and ZO-2 (2, 17, 18, (20) (21) (22) . Adherens junctions are highly specialized regions where cadherins-transmembrane proteins that function in cell-cell adhesion and establishment of polarized cell morphology-and their associated catenins and actin filaments are densely aligned with the plasma membrane through a well-developed protein undercoat (19, 50, 53) . Prominent bundles of actin filaments encircle the apexes of lateral membranes in association with adherens junctions (40) . Binding properties of the cadherin extracellular domain that contacts cadherins on adjacent cells depend on the formation of protein complexes with the intracellular carboxyl terminus, which links the actin cytoskeleton to the membrane.
In the present study, we addressed the role of US9 in cellto-cell spread of CMV in polarized epithelial cells by expressing the gene product and, as a control, that of US8. We identified novel glycoproteins of the predicted molecular mass, which we designated gpUS9 and gpUS8. Immunofluorescence microscopy of Madine-Darby canine kidney II (MDCK) cells showed that gpUS9 and gpUS8 were present in the endoplasmic reticulum (ER) and Golgi compartments in nonpolarized and polarized epithelial cells. Moreover, in polarized cells gpUS9 exhibited a unique staining pattern, accumulating along lateral membranes, colocalizing with E-cadherin and the cortical actin cytoskeleton, and forming Triton X-insoluble protein complexes that were enriched along lateral membranes. Changes induced in cells expressing gpUS9 may shed light on the role of this accessory glycoprotein in facilitating the spread of CMV in polarized epithelial cells and consequently on pathogenesis in vivo.
(Portions of this report were presented at the 22nd International Herpesvirus Workshop, De Kalb, Ill., 1996, and the 23rd International Herpesvirus Workshop, San Diego, Calif., 1997.) 3 H]inulin from the apical to the basolateral chambers of the filters as previously described (16) . Five hundred microliters of medium containing a total of 45,000 cpm of [ 3 H]inulin was added to the apical chambers of the filters. After 8 h, duplicate 10-l aliquots were removed from the basolateral chambers and radioactivity was counted in a Beckman LS1701 scintillation counter.
MATERIALS AND METHODS

Cells
Cloning and epitope tagging of US9 and US8. The CMV US9 gene was excised from plasmid pHXSH and tagged with a synthetic oligonucleotide encoding epitope H943 of HSV-1 ␣4 (25) in an EarI site at the carboxyl terminus-encoding portion of US9 to construct plasmid pHXSH(Ear)-US9ep. This ␣4 epitope is recognized by murine monoclonal antibody (MAb) H943. The double-stranded oligonucleotide 5ЈGAC GAG TAC GAC GAC GCA GCC GAC GCC GCC GGC GAC CGG GCC CCG 3Ј, coding for the ␣4 epitope, was inserted near the portion of the gene encoding the carboxyl terminus of the US9 product following amino acid (aa) 241. The insertion site was verified by DNA sequence analysis. The resulting gene, US9ep, which encoded aa 1 to 241 followed by the H943 epitope, Asp Glu Tyr Asp Asp Ala Ala Asp Ala Ala Gly Asp Arg Ala Pro, and aa 242 to 247 of the US9 product, was cloned into the EcoRV site of pcDNA3 (Invitrogen). The US8 gene was subcloned by double digestion of pHXSH with EarI and BamHI to generate a 930-bp fragment which was purified, blunt ended with Klenow polymerase (New England Biolabs), and ligated into the EcoRV site of pcDNA3. An oligonucleotide tag encoding epitope H170 of HSV-1 gD (10) was inserted into a unique Eco47III site modified with ClaI linkers. The resulting gene, US8ep, encoded aa 1 to 208 tagged by the H170 epitope, Ser Leu Lys Met Ala Asp Pro Asn Arg Phe Arg Gly Lys Asp Leu Pro, at the 3Ј terminus; these amino acids were preceded by Arg Tyr from the ClaI linker.
Selection of MDCK cells expressing US9 and US8. MDCK cells transfected with the US9ep and US8ep genes in pcDNA3 were selected as described previously (56) . Approximately 10 6 MDCK cells at 50 to 60% confluence were transfected with 10 g of plasmid DNA by the calcium phosphate precipitation method. After 4 to 6 h, fresh medium containing 10% fetal calf serum was added. The next day, cells were trypsinized and 5 ϫ 10 4 cells/ml were plated into 24-well culture dishes in medium containing G418 (1.2 mg/ml; Gibco). Resistant clones were evaluated for expression of US9ep and US8ep by immunofluorescence with MAbs to the respective epitopes. The properties of three MUS9ep cell clones (designated 102, 105, and 109) and three MUS8ep cell clones (designated 1D5, 15D5, and 1G7) were studied in detail.
Immunological reagents. Immunofluorescence assays were done as previously described (56) . US9ep and US8ep were detected with MAbs H943 and H170 to their respective epitope tags. Cellular proteins in tight junctions were stained with rabbit antisera to ZO-1 (Zymed Laboratories); for adherens junctions, rat MAb to E-cadherin (Sigma) and rabbit antisera to ␤-catenin (gift from Inka Nathke, Harvard University) were used. ER was stained with antiserum to GRP94 (Stressgene), and the Golgi network was reacted with LcH agglutinin from Lens culinaris conjugated with fluorescein isothiocyanate (FITC) (E-Y Lab Inc.). FITC-and Texas red (Sigma)-labeled anti-mouse, -rat, and -rabbit immunoglobulin antisera were purchased from Jackson ImmunoResearch Laboratories. Actin was stained with phalloidin conjugated with FITC or Texas red. Cells were incubated with primary antibodies (1 h, 37°C) and then with secondary antibodies conjugated with FITC or Texas red (30 min). For double staining, cells were simultaneously incubated with primary antibodies from different species and secondary antibodies labeled with FITC or Texas red.
ECL Western blotting and endoglycosidase treatment. Proteins encoded by US8ep and US9ep were analyzed with the enhanced chemiluminescence (ECL) immunoblot detection system (Amersham). Cells (in T-25 cm 2 flasks) were extracted with 1.0% Nonidet P-40-1.0% deoxycholic acid-0.1% sodium dodecyl sulfate (SDS) in phosphate-buffered saline (PBS) containing the protease inhibitors N␣-p-tosyl-L-lysine chloromethyl ketone (TLCK) (10 M), tolylsulfonyl phenylalanyl chloromethyl ketone (TPCK) (10 M), and 1 mM phenylmethylsulfonyl fluoride (PMSF) for 30 min. Sample buffer containing 2% SDS was then added. Cell extracts were subjected to SDS-12% polyacrylamide gel electrophoresis (PAGE) in gels cross-linked with N,N-diallyltartardiamide. Proteins were electrophoretically transferred to nitrocellulose for immunoblot reactions with murine MAbs (1:1,000). Filters were washed and incubated with peroxidaseconjugated anti-mouse immunoglobulin antiserum (1:10,000). Bands were visualized by ECL Western blotting followed by exposure to Hyperfilm. For endoglycosidase H (endo-H) and peptide-N-glycosidase F (PNGase F) analysis, COS-1 cells were transfected with pHXSH(Ear)-US8ep and pHXSH-US9ep. Cells were lysed with 1.0% SDS-1.0% Nonidet P-40-1.0% deoxycholic acid in PBS containing protease inhibitors (TLCK, TPCK, and PMSF) and boiled in the presence of 5% ␤-mercaptoethanol. Samples were incubated with enzymes overnight at 37°C according to the manufacturer's directions. Markers for molecular mass were carbonic anhydrase (30 kDa) and ovalbumin (46 kDa) (Amersham).
Immunofluorescence laser scanning confocal microscopy. For immunofluorescence assays, polarized MUS8 and MUS9 cells grown on permeable filter supports were fixed with fresh 3% paraformaldehyde-0.1% Triton X-100 (5 min) and then reacted with 3% paraformaldehyde-2% sucrose (15 min). Paraformaldehyde was quenched by incubating cells with 50 mM NH 4 Cl. Fixed cells were incubated with antibodies on ice as described above, cut, and mounted on glass slides in Mowiol solution (Calbiochem-Behring). Cells were analyzed by using a krypton-argon laser coupled with a Bio-Rad MRC 600 confocal head attached to a Nikon Optiphot II microscope with a Plane Apo 60 1.4ϫ objective lens. Cells were scanned simultaneously for FITC and Texas red emission by using K1 and K2 filter blocks. For serial optical section analysis, cells were scanned from apical to basolateral membranes with increments of 0.5 to 1.0 m between sections. The data were analyzed with Comos software.
Extraction of proteins in MDCK cells. Immunofluorescence analysis was carried out as follows. Cells were extracted with modified CSK buffer [50 mM NaCl, 300 mM sucrose, 10 mM 1,4-piperazinebis(ethanesulfonic acid) (pH 6.8), 3 mM MgCl 2 , 0.5% Triton X-100, 1 mM PMSF] for 15 min at 4°C and then fixed with 3.75% formaldehyde in PBS for 30 min as previously described (43) . Control cells were fixed with 3.75% formaldehyde and then permeabilized with CSK buffer for 15 min at 4°C. Cells were blocked in PBS-0.2% bovine serum albumin-1% normal goat serum for 1 h and then incubated with specific MAbs for immunofluorescence analysis. Western blot analysis was carried out as follows.
MUS9ep and MUS8ep cells were grown on glass or permeable filter supports, washed with PBS, and solubilized in 1.0% Triton X-100 or 65 mM octylglucoside in 2-(N-morpholino)ethanesulfonic acid (MES)-buffered saline (MBS, 25 mM MES [pH 6.5], 15 M NaCl, 1 mM PMSF) for 20 min at 4°C on a rocking platform as previously described (47) . Cells were removed with a rubber policeman, transferred to Eppendorf tubes, and centrifuged at 14,000 rpm for 15 min in a Sorvall RMG 14 refrigerated microcentrifuge (Dupont). The supernatant and the insoluble pellet were resuspended in immunoprecipitation buffer [15 mM Tris (pH 7.5), 5 mM EDTA, 2.5 mM EGTA, 1% SDS], and then subjected to PAGE and analyzed by ECL Western blotting.
RESULTS
Cloning and expression of the epitope-tagged products of the US9 and US8 genes. CMV mutants with deletions of the US9 gene, but not those with deletions of the US8 gene, were impaired in their capacity for cell-to-cell spread in epithelial cells, suggesting that the US9-encoded protein plays a role in dissemination of infection in polarized cells (39, 45) . Analyses of the amino acid sequences encoded by CMV US9 and the adjacent gene, US8, indicate that their products have the features of type I membrane-anchored glycoproteins (9) . CMV US9 is predicted to encode a protein 247 aa in length that contains a 24-aa signal sequence, a 168-aa ectodomain with two N-glycosylation sites, a 30-aa transmembrane anchor, and a 25-aa cytoplasmic domain. CMV US8 is predicted to encode a protein 227 aa in length that contains a 19-aa signal sequence, a 160-aa ectodomain, one N-glycosylation site, a 22-aa transmembrane anchor, and a 26-aa cytoplasmic domain. Thus, the products of the US9 and US8 genes have similar properties inasmuch as they are predicted to be transmembrane glycoproteins, comparable in molecular mass and number of N-glycosylation sites, whose transcripts were detected with early kinetics in CMV-infected cells (30) . Since we wished to select a CMV glycoprotein as a control for US9 expression in polarized epithelial cells and US8 did not alter cell-to-cell spread of virus, US8 was selected. To identify the proteins, the genes were cloned and tagged at the carboxyl terminus-encoding portions with epitopes from HSV proteins (Fig. 1 ). An epitope from HSV-1 ␣4, a nuclear protein recognized by MAb H943, was used to tag US9. After tagging US9 with the ␣4 epitope, we found that the antibody reacted with tagged protein in Western blotting but not in immunoprecipitation experiments. To facilitate both types of analyses, US8 was tagged with an epitope from HSV-1 gD, an envelope glycoprotein recognized by MAb H170. These epitopes do not contain known motifs for binding calcium or actin or nuclear transport signals, which might alter the subcellular localization of these proteins.
To determine whether these CMV genes encode glycoproteins, tagged US9 and US8 were expressed transiently in COS-1 cells and the proteins were detected by electrophoresis and Western blotting (Fig. 2) . Two protein bands of the expected size, 36 and 34 kDa, were detected for US9, and two bands of 32 and 30 kDa were detected for US8. To determine whether these proteins were glycosylated, they were digested with endo-H, which cleaves mannose-rich complex carbohydrates, and PNGase F, which removes all N-linked carbohydrates. Endo-H-treated US9 protein had an approximate molecular mass of 34 kDa, and endo-H-treated US8 protein had an approximate molecular mass of 31 kDa. Following PNGase F treatment, the mobility of the US9 product increased to 32 kDa and that of the US8 product increased to 30 kDa. The results of these transient-expression experiments showed that the US9 and US8 genes encoded glycoproteins that contained both simple and complex carbohydrates. Based on the recommended nomenclature for CMV gene products (49), these glycoproteins were named gpUS9 and gpUS8.
Analysis of MDCK cells constitutively expressing gpUS9 and gpUS8.
To evaluate the properties of gpUS9 and gpUS8 in epithelial cells, we selected stably transfected MDCK cells that constitutively expressed these glycoproteins. MDCK cells were transfected with pHXSH-US9ep and pHXSH-US8ep DNA containing the genes for gpUS9 and gpUS8, respectively (Fig.  1B and C) , and the selectable marker neomycin transferase. G418-resistant MUS9ep and MUS8ep cells that formed isolated colonies in 24-well plates were expanded and tested for expression by immunofluorescence as described in Materials and Methods. Colonies of clones in which 40 to 80% of the cells expressed the glycoproteins were expanded for detailed analysis of cell polarity and colocalization of the CMV glycoproteins with cellular proteins.
In the first series of experiments, we assessed the presence of gpUS9 and gpUS8 in the ER and Golgi compartments of nonpolarized cells grown on glass. MUS9ep and MUS8ep cells were stained with markers for the ER (GRP94) and Golgi complex (LcH agglutinin of L. culinaris) and with MAbs to the epitope tags on gpUS9 (Fig. 3A to F) and gpUS8 (Fig. 3G to L). Immunofluorescence assessments with confocal microscopy showed that both glycoproteins colocalized with proteins in the ER and Golgi compartments of nonpolarized cells. The fragment containing the epitope-tagged gene was inserted in the rightward direction into the EcoRV site in the pcDNA3 vector. (C) Expanded region of the HindIII X fragment containing CMV US8. pHXSH was double digested with EarI and BamHI, and the fragment containing US8 was inserted in the rightward direction into the EcoRV site of pcDNA3. US8 was tagged at the Eco47III site with a synthetic oligomer corresponding to epitope H170 from HSV-1 gD (hatched box) flanked by ClaI sites, after modification of the Eco47III site with the ClaI linker. Residual noncoding sequences of US9 (B) and US8 (C) are represented by gray boxes, and the epitope tags, which were added to the carboxyl terminus, are represented by hatched boxes. PCMV, human CMV promoter-enhancer; MCS, multiple cloning site; BGH pA, bovine growth hormone polyadenylation signal. gpUS9 showed a reticular pattern that overlay the ER (Fig. 3A to C). A comparable pattern was obtained for gpUS8 ( Fig. 3G  to I ). The glycoproteins move through the Golgi compartment, as indicated by coincident staining patterns obtained for gpUS9 (Fig. 3D to F) and gpUS8 (Fig. 3J to L) with the marker for this secretory compartment. These results confirmed that both gpUS9 and gpUS8 were transported from the ER to the Golgi compartment in the secretory pathway in nonpolarized cells.
Next, we examined MUS9ep and MUS8ep cells after 4 days' growth on permeable filter supports. Again, we found that the CMV glycoproteins colocalized with the ER and the Golgi compartments, but the staining patterns were noticeably different from those in nonpolarized cells (Fig. 4) . The gpUS9 staining pattern overlay the ER (Fig. 4A to C) and the Golgi compartments (Fig. 4D to F) , but a substantial fraction of gpUS9 accumulated at the peripheries of the cells (Fig. 4E to  F) . In contrast, gpUS8 colocalized with the ER (Fig. 4G to I ) and Golgi compartments (Fig. 4J to L) in polarized and in nonpolarized MDCK cells. Results of these experiments suggested that both gpUS9 and gpUS8 overlay the ER and Golgi compartments, but a substantial portion of gpUS9 was found along lateral membranes of polarized MDCK cells.
gpUS9 colocalizes with proteins in lateral membranes and the actin cytoskeleton. We reported that mutants with deletions of the US9 gene are impaired in cell-to-cell spread in polarized epithelial cells grown on permeable filters but form wild-type plaques in cultures of nonpolarized HF (39, 45, 55) . Since a substantial fraction of gpUS9 appeared adjacent to lateral membranes, we next monitored the distribution patterns of the viral glycoproteins and cellular proteins in the cytoskeleton (Fig. 5 ). Cells were propagated on permeable filters for 4 days and reacted with antibodies to the tagged glycoproteins and key proteins in the epithelial cell architecture, including ZO-1, E-cadherin, ␤-catenin, and the cortical actin cytoskeleton. In MUS9ep cells, ZO-1, a tight junction protein, stained in a tight ringlike pattern at the interface between apical and basolateral membranes (Fig. 5A) . We observed that gpUS9 stained with a broad ringlike pattern indicative of basolateral distribution (Fig. 5B ) and found that gpUS9 was present at the level of ZO-1 but did not overlie this component of tight junction complexes (Fig. 5C ). ␤-Catenin (Fig. 5D ) and E-cadherin (Fig. 5G) in adherens junctions and F-actin in the cortical actin cytoskeleton (Fig. 5J ) also stained in a basolateral pattern. gpUS9 was detected at the level of adherens junctions but did not costain significantly with ␤-catenin (Fig. 5F ). In contrast, gpUS9 codistributed with Ecadherin, a transmembrane protein in adherens junctions (Fig.  5I) . A particularly strong costaining pattern was obtained between gpUS9 and F-actin in the cortical cytoskeleton, which underlies lateral membranes (Fig. 5L) . Examination of gpUS8 showed that it was not present at the level of ZO-1 in tight junctions (Fig. 6B) and did not overlie any proteins in junctional complexes or the actin cytoskeleton (Fig. 6C, F, I , and L). It should be mentioned that, like gpUS8, CMV gB is transported to apical membranes of polarized MDCK cells (55) and fails to costain with components of tight junctions, adherens junctions, or the actin cytoskeleton (54) . These experimental results indicate that gpUS9 is present in large amounts at the level of tight junctions and adherens junctions, accumulates along lateral membranes, and colocalizes with E-cadherin and F-actin, which are cytoskeletal components of polarized epithelial cells.
Insolubility of gpUS9 in polarized epithelial cells. The finding that gpUS9 colocalizes with the cortical actin cytoskeleton of epithelial cells suggested that gpUS9 might partition with cellular proteins in a detergent-insoluble fraction and that it might differ in solubility from gpUS8. To investigate this possibility, we extracted polarized MUS9ep and MUS8ep cells on filters with Triton X-100 prior to fixation as described in Materials and Methods. Control cells were fixed and then extracted and stained for gpUS9 and gpUS8 (Fig. 7A to D) . Comparison of the protein remaining following extraction showed that gpUS9 was in the Triton X-insoluble fraction, whereas gpUS8 was not (Fig. 7A and C) . gpUS9 appeared as a discontinuous ring along lateral membranes. Both gpUS9 and gpUS8 were detected when the total cellular proteins were fixed before extraction (Fig. 7B and D) .
To determine whether the insolubility of gpUS9 depended on cell polarity, we extracted cells grown under nonpolarization and polarization conditions. For these experiments, cells were propagated on glass (nonpolarized) or on permeable filter supports (polarized) and then extracted with Triton X-100 and octylglucoside as described in Materials and Methods. Following extraction, the soluble and insoluble fractions were denatured, subjected to PAGE, and analyzed by ECL Western blotting (Fig. 7, right panel) . Analysis of extracts from nonpolarized cells showed that all of gpUS9 and gpUS8 was present in the soluble fraction (Fig. 7, lanes 1 to 4) . In polarized cells, however, nearly equal amounts of gpUS9 partitioned with both the detergent-soluble and -insoluble fractions at 4 days (Fig. 7, lanes 5 to 8) and at 8 days (Fig. 7, lanes 9 to 12) . In contrast, gpUS8 was entirely soluble in both nonpolarized and polarized detergent-treated cells (Fig. 7) . Results of these experiments indicate that a substantial fraction of gpUS9 is insoluble in Triton X-100 and octylglucoside, in contrast to gpUS8, even though the glycoproteins are similar in molecular mass and carbohydrate composition. The insolubility of CMV gpUS9 in polarized epithelial cells supports the colocalization patterns, which suggest that it may associate with insoluble components of the cortical actin cytoskeleton that is assembled in fully polarized cells.
DISCUSSION
We recently reported that human CMV deletion mutants RV35, RV61, and RV80, which lack the US9 gene of the parent strain AD169, were impaired in cell-to-cell transmission of virus and in altering junctional complexes in polarized hu- (31) . The small-plaque phenotype exhibited by CMV mutants with deletions of US9 indicated that this gene product plays an accessory role in infection, facilitating virus spread across lateral membranes in infected epithelial cells, and suggested that the highly structured junctions between polarized cells were altered. In the present study, we tested this hypothesis and found that gpUS9 became insoluble in polarized MDCK cells and associated with cytoskeletal proteins. We expressed the products of US9 and, as a control, US8 in COS-1 cells and identified novel glycoproteins of approximately 36 and 32 kDa, as predicted from the nucleotide sequence of the CMV genome (9). These we designated gpUS9 and gpUS8, respectively. MUS9ep and MUS8ep cells, which were selected from transfected MDCK cells that constitutively express these glycoproteins independently of other CMV proteins, were polarized after 4 days' growth on permeable filters. gpUS9 was enriched at the level of apical junctions and along lateral membranes and codistributed with E-cadherin and Factin in the cortical cytoskeleton in MDCK cells. The Jones laboratory has shown that US9 transcripts with ␤-class kinetics of synthesis are detected in CMV-infected HF (30) . It remains to be determined whether CMV gpUS9 is produced in CMVinfected polarized ARPE-19 cells. Based on the impaired cellto-cell spread of deletion mutants lacking gpUS9 (39), we speculate that accumulation of CMV gpUS9 along lateral membranes of polarized epithelial cells may alter the associations between cadherin and the actin cytoskeleton and promote the spread of infection.
The tight junction is an element of epithelial and endothelial cell-cell junctions that functions as a barrier to the diffusion of solutes through the paracellular pathway as well as a "fence" between the apical and basolateral membranes to create and maintain cell polarity (reviewed in reference 20). Tight junction assembly is regulated in part by E-cadherin-mediated assembly of the cell-cell adhesion complex at the adherens junction (reviewed in reference 23). In MDCK cells grown on permeable filters, well-developed polarity forms between 4 and 8 days and proteins in the actin cytoskeleton associate with proteins at cellular junctions, forming Triton X-100-insoluble protein complexes (43) . ZO-1, E-cadherin, and ␣-, ␤-, and ␥-catenins, which are assembled into cellular junctions, are insoluble, but the nonassembled protein fraction remains soluble. On the basis of our observation that CMV gpUS9 colocalizes with the actin cytoskeleton and forms a Triton X-100-insoluble protein complex, we speculate that it may bind to proteins in adherens junctions, perhaps E-cadherin, disrupting its association with cellular partners and thereby facilitating virus transmission. Constitutive expression of gpUS9 and gpUS8 did not block the development of epithelial cell polarity; in fact, the presence of gpUS9 in large amounts at adherens junction complexes was dependent on polarization. When MUS9ep cells were fully polarized, the pattern of gpUS9 overlay that of the cortical actin cytoskeleton. Thus, gpUS9 accumulated along the undercoat of lateral membranes, where proteins in adherens junction complexes bind to the actin cytoskeleton.
It is not known whether CMV gpUS9 interacts directly with F-actin or with proteins that bind the actin cytoskeleton or whether it alters proteins in signalling pathways that maintain the apical junctional complex. It has been recently appreciated that intracellular bacterial pathogens and viruses manipulate the actin cytoskeleton in epithelial cells to promote efficient entry and cell-to-cell spread (reviewed in references 12 and 52). It was reported that CMV causes rapid cytoskeletal disruption early in infection, that actin depolymerization facilitates viral infectivity, and that an isoform of cellular actin was associated with purified CMV virions (4, 28) . Assembly of proteins in junctional complexes of polarized cells and their link to the actin cytoskeleton are highly regulated and involve signal transduction pathways (5, 13, 37, 57) . In view of changes in the organization of the cytoskeleton that occur in CMVinfected polarized ARPE-19 cells (39), it is possible that signalling pathways regulating F-actin assembly in polarized epithelial cells may also be affected (44) .
Several important questions relevant to CMV pathogenesis and the transmission of infection in epithelial cells and in human tissues in vivo are unresolved. Whether CMV gpUS9 is a structural component of the virion envelope that directs transport of progeny virions across lateral membranes, forms a complex with other viral glycoproteins that modulate its function, or is functionally redundant in strains that contain the set of putative glycoprotein genes lost during passage of the laboratory strain AD169 (8) must be clarified. We are in the process of producing MAbs to purified gpUS9 in order to examine the properties of this glycoprotein in CMV-infected human ARPE-19 cells. Regarding the relationship between spread of CMV in tissues and gpUS9 expression, it is possible that transport of this glycoprotein to lateral membranes destabilizes proteins in adherens junction complexes and the actin cytoskeleton in CMV-infected cells, enabling virus to spread in tissues composed of polarized cells. This is an attractive hypothesis that remains to be proved.
